22q11.2 deletion syndrome (DS) is a complex developmental disorder with a high incidence of psychiatric illnesses, including schizophrenia and mood disorders. Recent studies have identified Guanine Nucleotide Binding Protein (G protein) Beta Polypeptide 1-Like (GNB1L), located within the 1.5 Mbp 22q11.2 DS critical region, as a candidate liability gene for schizophrenia and bipolar disorder. In this study, we used mRNA expression measurements in Han Chinese postmortem temporal cortex and linkage disequilibrium (LD) analysis to show that GNB1L is regulated by a cis-acting genetic variant within the 3'-region of the gene. Signifi cantly, this variant is located within an LD block that contains all of the common SNPs previously shown to associate with schizophrenia and bipolar disorder in Han Chinese and Caucasian populations. Contrary to our expectations, re-analysis of previously published case-control study data in light of our mRNA expression results implies that the GNB1L highexpression allele is the risk allele for schizophrenia and bipolar disorder in the Han Chinese population.
INTRODUCTION
Hemizygous deletion of 1.5 or 3 Mbp DNA within the 22q11.2 locus produces a complex spectrum of deficits, including facial, palatal, and conotruncal malformations, endocrine and immune deficiencies, and behavioral and cognitive abnormalities of variable severity [1, 2] . In addition, individuals with 22q11.2 deletions frequently suffer from psychiatric disorders, including schizophrenia [3] [4] [5] [6] and bipolar spectrum disorders (bipolar I and II and schizoaffective disorders) [7] [8] [9] [10] . The strong association of schizophrenia with 22q11.2 deletions has stimulated the search for genes within the deleted regions that contribute more widely to non-syndromic autism and schizophrenia.
The 3 Mbp deletion region at 22q11.2 contains ~60
genes and the 1.5 Mbp deletion region ~28 genes [11] .
Because individuals carrying the 1.5 Mbp deletion collectively display most of the deficits observed in carriers of the longer deletion, the chromosomal segment affected by this deletion is inferred to comprise a critical [12] . It is proposed that deletions of dose-sensitive genes within the critical region produce developmental defi cits via haploinsuffi ciency.
Among the many genes in the critical region, GNB1L
has been linked to schizophrenia in two independent case-control studies [13, 14] . An additional study did not find statistically signifi cant associations between GNB1L SNPs and schizophrenia in Japanese case-control samples, but did fi nd evidence for low GNB1L mRNA expression in prefrontal cortex (Brodmann area 9) from schizophrenia patients [15] .
The study by Williams and colleagues [14] identified two SNPs (rs5746832 and rs2269726) located within the 3'-region of GNB1L for which there was excess homozygosity in male schizophrenia patients. The study by Li and colleagues [13] identified 5 SNPs (rs5746832, rs5748427, rs5748432, rs2269726, and rs748806) also located within the 3'-region of GNB1L that are associated with schizophrenia and/or bipolar disorder in the Han Chinese (Shanghai) population. By contrast, a study by Ma and colleagues [16] failed to detect an association between three SNPs in the neighboring TBX1 gene and schizophrenia in a Han Chinese-based case-control study. GNB1L encodes a 327 amino-acid protein of unknown function [17] . Bioinformatics-based analysis of the aminoacid sequence of GNB1L protein predicts six WD40 motifs, homologous in structure (but not amino-acid sequence)
to WD40 repeats found in the beta subunit of the human guanine nucleotide binding protein [17, 18] .
GNB1L mRNA is ubiquitously expressed, with especially high levels in skeletal muscle, spleen, thymus, and testes [17] . The major mRNA transcript detected in northern blots is 1.4 to 1.5 kb in length. Expression is low in adult brain, but has higher levels in embryonic human and mouse brain [17, 19] . GNB1L knockout is lethal in early embryogenesis. Homozygous deletion of this gene ca uses reduced prepulse inhibition in adult mice [20] , a phenotype associated with several psychiatric disorders, including schizophrenia [21] . These studies suggest that GNB1L haploinsuffi ciency caused by 22q11.2 DS may contribute to the pathology of schizophrenia.
In the present study, we used expression quantitative trait locus (eQTL) mapping and linkage disequilibrium (LD)
analysis to further investigate the GNB1L SNPs previously shown to associate with schizophrenia.
MATERIALS AND METHODS

Brain Samples
Frozen sections of anterior temporal cortex from 36 Han Table S1 .
Isolation of Genomic DNA, Total RNA, and cDNA
Synthesis
Isolation of genomic (g) DNA and total RNA and preparation of cDNA were carried out as previously described [22] . (Fig. S2 ). Primers were designed using Oligo 6.0 (National Biosciences Inc., Plymouth, MN) and synthesized by Sangon Biotech (Shanghai, China):
and 5'-CTGGGAGTCAAAGTCAAGGTC-3' (reverse);
and 5'-TGTGGTCATGAGTCCTTCCA-3' (reverse);
and 5'-CGATATGCCAGCTTCCGACT-3' (reverse);
and 5'-GGGACTTCCTGTAACAACGCA-3' (reverse).
Normalized mRNA expression (in ΔC t units) was calculated by subtracting the cycle threshold (C t ) for the target gene from the geometric mean C t of the three house-keeping genes:
GNB1L mRNA Expression in European Brain Samples
Array expression data of "BrainCloud" [23] ( Gene Expression Omnibus (GEO) Accession Number GSE30272) and "Four Brain Region" [24] (GEO Accession Number GSE15745)
were downloaded from the GEO website (http://www.ncbi.
nlm.nih.gov/geo/).
Genotyping and Imputation
Whole-genome genotyping of the 36 samples (~1.14 × 10 6 genotypes/sample) was carried out using Illumina ncbi.nlm.nih.gov/gap) and cleaned using the same quality control criteria.
To enable comparison of eQTLs in different studies,
we imputed genotypes for GNB1L region SNPs into our
Han Chinese genotype data and the "Four Brain Regions"
and "Braincloud" databases using IMPUTE2 [26, 27] w ith the assistance of SHAPEIT2 [28] and G TOOL (http://www.
well.ox.ac.uk/~cfreeman/software/gwas/gtool.html) with genotype data from the 1000 Genomes Project (Phase 1, Integrated Variant Set) as the reference. All imputed SNPs met the quality control criteria described above.
Expression Quantitative Trait Locus Analysis
Prior to eQTL analysis, GNB1L mRNA expression data from the Han Chinese samples (in C t units), "BrainCloud", Table S1 . Covariate values for individual samples for the "Braincloud" study were obtained from the GEO website and those for "Four Brain Regions" study from
Supplementary Files in Gibbs et al. [24] .
The residuals from the regression were retained as "adjusted GNB1L expression values" and used as a quantitative phenotype for linear regression analysis of correlation between mRNA expression and SNP genotype using the --assoc command within PLINK (see 
Linkage Disequilibrium Analysis
The LD structure of human chromosome 22 in the neighborhood of GNB1L based upon genotype data for all studies was generated using Haploview [29] (ver sion 4.2:
http://www.broadinstitute.org/scientifi c-community/science/ programs/medical-and-population-genetics/haploview/ haploview). We used the proxy search option of SNAP (Fig. 1) . P-values and coefficients of determination (R 2 ) for these SNPs are listed in Table 1 .
The C-allele of rs2269726 (C>T) and the G-allele of rs11704083 (A>G) were identified as high-expression alleles for each SNP (Fig. 2) . Inspection of the LD structure of these SNPs ( Fig. 1 and Table S2 ) revealed that 7
SNPs located within the 3'-region of GNB1L (rs5993830 , rs5748427, rs5748432, rs2269726, rs880194, rs748806, and rs3788301) were in moderate-to-strong LD (D' >0.8, r ***Permutation of mRNA expression levels was performed 10 000 times for each SNP. Because these 7 SNPs had similar properties, we chose rs2269726, which has the highest R 2 and lowest P value for correlation with GNB1L mRNA expression, as the "index" SNP to represent the 3'-region LD block.
Step- 
GNB1L eQTLs in Caucasian Brain Samples
Currently, genome-wide genotype and mRNA expression data from two brain eGWAS studies are publicly available:
the "BrainCloud" study [23] and the "Four Brain Regions (4BrainR)" study [24] , both of which include a large number expression in all three studies (Fig. 3) . Although the 5'-region SNP rs11704083 also correlated with expression in most assays (except for the "4BrainR-PONS" and "BrainCloud" samples), the P-values were larger and the coefficients of determination smaller than SNPs in the Caucasian samples and our Han Chinese samples (Table   S3 ).
In Only GNB1L SNPs with r 2 >0.649 with respect to rs2269726 associated with schizophrenia and/or bipolar disorder in Chinese [13] or European-based [14] casecontrol studies (Fig. 4) . Because neither of these studies genotyped rs11704083 or any SNPs linked to it, we do not know its possible contribution to the risk of schizophrenia/ bipolar disorder. Taken together, these observations strongly support the hypothesis that one or more regulatory variants that are tightly linked to rs2269726 contribute to schizophrenia and bipolar disorder.
Contrary to our expectations, the rs2269726 highexpression C-allele, rather than the low-expression T-allele, was identified as the schizophrenia risk allele in the Han
Chinese case-control studies. The high-expression alleles of th e rs2269726-linked SNPs rs5748427 (G), rs5748432
(G), and rs748806 (T) were also identifi ed as schizophrenia risk alleles in the Han Chinese case-control study (Table 2 , Fig. S3 ).
DISCUSSION
The results of this study confi rm and extend the fi nding of Li and colleagues [13] , who showed that GNB1L 3'-region [23] , and "Four Brain Region" [24] . [24] Caucasian Temporal cortex alleles
Li et al. [13] Han Chinese SCZ Risk alleles
, not determined; 4BrainR, "Four Brain Region"; SCZ, schizophrenia; BP, bipolar disorder.
expression results implies that the GNB1L high-expression allele is the risk variant for these disorders in the Han Chinese population. This is the first report that high expression of a gene in the 22q11.2 DS critical region is associated with schizophrenia.
As noted above, an earlier study by Williams and colleagues [14] identified two SNPs in the 3'-region of [30] (data not shown). The interpretation of these divergent results is diffi cult, but we suggest that the contribution of GNB1L to schizophrenia may be stronger in specifi c populations.
In this study, we also identified a GNB1L 5'-region SNP, rs11704083, th at correlated with GNB1L expression in 36 Han Chinese samples. This result, however, was not replicated in the two Caucasian population-based brain expression studies, "Braincloud" [23] and "Four Brain Regions" [24] . Although these results suggested that rs11704083 is a Han Chinese-specific eQTL, we are inclined to consider rs11704083 to be a false-positive correlation, since other SNPs within the 5'-region LD block did not show a significant correlation with GNB1L mRNA expression (see Fig. 1 ). By contrast, the fi nding that correlations between mRNA expression and genotypes were replicated in four independent studies strongly supports the conclusion that the 3'-region GNB1L SNPs are true eQTLs for this gene.
The fact that the same cluster of GNB1L 3'-region SNPs correlated with GNB1L mRNA expression in four different brain regions (Fig. 3) , with the same alleles identifi ed as the high-expression alleles in each region ( 
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